We have performed chemical probing spectroscopy of H + 3 ions trapped in a cryogenic 22-pole ion trap. The ions were buffer-gas cooled to ∼ 55 K by collisions with helium and argon. Excitation to states above the barrier to linearity was achieved by a Ti:Sa laser operated between 11 300 and 13 300 cm −1 . Subsequent collisions of the excited H + 3 ions with argon lead to the formation of ArH + ions that were detected by a quadrupole mass spectrometer with high sensitivity. We report the observation of 17 previously unobserved transitions to states above the barrier to linearity.
I. INTRODUCTION
Nearly one century after its discovery by J.J. Thomson in 1911 [1] the triatomic hydrogen ion is still challenging researchers all over the world. The outstanding importance of H + 3 for the chemistry of interstellar matter and its presence in planetary atmospheres are well established [2] , although the overabundance of H + 3 in the diffuse interstellar medium is still not understood [3] . On the other hand, consisting of three protons and two electrons only, H + 3 is the simplest polyatomic molecule and as such an important benchmark system for quantum mechanical calculations. Spectroscopy of H + 3 is complicated by the absence of a permanent dipole moment and by the fact that no stable electronically excited states are known. Consequently, the first laboratory spectra of H + 3 that were observed by Oka in 1980 [4] after a decades-spanning search, featured vibrational transitions in the infrared. H + 3 is an equilateral triangle in its ground state and has two vibrational modes, the infraredinactive symmetric stretch mode ν 1 and the doubly-degenerate bending mode ν 2 (see Fig. 1 ).
The latter posesses a small temporary dipole moment and hence is infrared active. All spectroscopic studies of H + 3 performed to date rely on the ν 2 mode, its overtones or ν 1 -ν 2 combination bands; a comprehensive review of H + 3 spectroscopy can be found in Ref. [5] . Owing to its fundamental relevance, triatomic hydrogen is a much-studied system -experimentally as well as theoretically. Since the publication of the Meyer-Botschwina-Burton (MBB) potential energy surface [6] the low-energy regime of the H + 3 potential is known with high precision. Today, the most sophisticated theoretical studies include adiabatic and relativistic corrections and reach an accuracy of 0.02 cm −1 near the equilibrium geometry [7] . Calculations of energy levels based on the latest surfaces show excellent agreement with spectroscopically confirmed levels up to ∼9 000 cm −1 above the ground state.
Nevertheless, for calculations of H + 3 dissociation and dynamics, the energy range has to be extended to much higher energies. The construction of a so-called global potential energy surface [8] , however, turns out to be complicated since starting at 10 000 cm The dash-dotted line marks the endothermicity of the ArH + formation reaction. (Potential surface taken from Ref. [8] , zero point energy (level 0-0) set to 4 362 cm −1 with respect to the potential minimum, according to Ref. [9] , level energies from Ref. [10] ).
a cut through the H + 3 potential surface together with the vibrational levels. The highenergy region is challenging theory in particular since the basis sets optimized for triangular geometries near equilibrium are ill-suited to treat linear geometries [11] . In an effort to create a surface that maintains high accuracy in the equilibrium region and includes the correct long-range behaviour at higher energies, Tennyson and coworkers employed a potentialswitching approach in order to use the best-available calculations in each respective energy region [8, 12] . Much of this theoretical research was motivated by the observation of a very rich H + 3 photodissociation spectrum in the eighties [13, 14] . Carrington and coworkers detected more than 30 000 discreet transitions starting out with rovibrationally excited H + 3
and utilizing a CO 2 laser with a limited wavelength range around ∼1 000 cm −1 . With the dissociation energy of H + 3 being more than 35 000 cm −1 [15] these experiments apparently probed an energy region very close to the dissociation limit. The origin of these lines as well as the underlying coarse structures are still unresolved [11] .
One of the problems in this context is that no spectroscopic data exist to benchmark theory for almost two thirds of the path to dissociation (13 000-35 000 cm −1 ). Only recently have the first lines above the barrier to linearity been observed by the Oka group; so far 37 lines have been published, all lying in the wavelength region accessible with a Titanium:Sapphire laser (10 700-13 700 cm −1 ) [16] . As the transition strengths of these lines are several thousand times weaker than the fundamental band, a very sophisticated highly optimized setup had to be employed to reach the required sensitivity [17] . Furthermore, the presence of H 2
Rydberg states obscured some of the H + 3 lines. In the latest publication by Gottfried [16] the author concludes that "the acquisition of additional transitions extending into the range of the visible dye laser ... will require a significant improvement in the experimental sensitivity". In this work, we describe an experimental study that covers the same wavelength region accessible with a Ti:Sa laser system and we present 17 previously unpublished transitions. The experiment was performed using chemical probing spectroscopy in a cryogenic ion trap, a technique that has not yet reached its limits and demonstrates sensitivity reserves for potential application in the visible range of a dye laser and beyond. This paper is organized as follows: in the next section a brief introduction into H + 3 quantum numbers is given and theoretical contributions guiding us throughout the measurement are introduced. In Section 3 the experimental method is explained; Section 4 contains the results and in Section 5 the perspectives of this work are presented.
II. THEORY OVERVIEW A. Quantum numbers
The nomenclature used in this article follows the recommendations given in the review by Lindsay and McCall [5] . Here, only a brief introduction in the labeling of levels and transitions and some basic selection rules will be given. For a more comprehensive representation the reader is referred to the original publication [5] and references therein.
Despite the fact that only parity and the total angular momentum (F ) are good quantum numbers in a strict sense, we will introduce and use all vibrational and rotational quantum numbers -although they are no longer unambiguous at higher energies -since these approximate quantum numbers are extremely helpful in understanding and classifying ). The projection of the motional angular momentum J onto the molecular symmetry axis is typically labeled K; for H + 3 , however, a new quantum number g is introduced, which is defined by g = K − ℓ. The energy of a given level is independent of the sign of g, and G = |g| is used to define the energy levels, which have a strict double degeneracy for G > 0.
B. Selection rules
Transitions between the two spin modifications of H + 3 are highly forbidden (△I = 0). Therefore, for all spectroscopic purposes ortho-and para-H 
Further selection rules arise from the symmetry of the molecule, a thorough derivation can be found in Ref. [18] . Applying the permutation operations of the symmetry group of
3 ) onto its wave functions, one finds the following equations
with i being an integer number (i = 0, ±1, . . .). The first term is a restatement of the requirement of parity change in dipole transitions as the parity of a H + 3 wave function with a given K is (−1)
K . The second selection rule is inherently connected to the conservation of nuclear spin since the following relations hold [18] ortho-H
para-H
Owing to the absence of a permanent dipole moment, pure rotational transitions are strongly supressed. However, theoretical calculations [19, 20] predict that distortions due to the molecules rotation could lead to a forbidden rotational spectrum that has yet to be observed.
Vibrational transitions between two breathing mode states are forbidden for the dipole moment does not change. Bending mode transitions on the other hand are allowed; in a harmonic picture, however, only excitations of a single quantum (△v 2 = 1) are admitted [21] whereupon also the corresponding angular momentum quantum number ℓ has to change by unity (△ℓ = 1). In reality, the H + 3 ion is a rather anharmonic molecule and the latter selection rule is often violated, as will be demonstrated by the experimental results presented in Section 4.
C. Transition labels
All the transitions considered in this work start from the ground vibrational state, therefore it is sufficient to label the vibrational band of the upper state
We label our observed transitions following the conventions established in Refs. [5, 17] by
[u|l] .
As the directions described in the literature need to be very carefully interpreted for some transitions to highly mixed levels occurring here, we choose to give a complete statement of the practical rules applied in our transition labeling once the lower and the upper level have been identified using the resources given in Sec II D. First, {P |Q|R} refer to Delta J = −1, 0, +1 and (J, G) identify the corresponding quantum numbers of the lower level.
Next, the superscripted prefix identifies the change in G. No such prefix is applied when the two energy levels have the same G. A superscript t is used whenever △G = +3, while a superscript n is used when △G = −3 and the G value of the lower level is ≥3, or when |△G| = 1 and the lower level has G< 3; thus, these superscripts represent transitions for which the (minimum allowed) change in g is |△g| = 3 and where △g = ±3 sign(g) for t
and n, respectively. (Here, sign(g) refers to g for the lower level.) Similarly, a superscript +6 is used whenever △G = +6, while a superscript −6 is used when △G = −6 and the G value of the lower level is ≥ 6, or when |△G| = 2, 4 and the lower level has G < 6; thus, these superscripts represent transitions for which the (minimum) change in g is |△g| = 6
and where △g = ±6 sign(g) for the superscripts +6 and −6, respectively. Higher transition orders with |△g| = 9, 12, 15 . . . may be indicated correspondingly with indices ±|△g|. Note that some transitions with a given △G can in principle be realized by transitions of various orders |△g| (such as |△g| = 0 and |△g| = 6 for G = 3 and △G = 0); hence, for the purpose of the prefix labeling, we here assume the minimum |△g| required for a given combination of G's. Many calculations of H + 3 energy levels have been published, and it is beyond the scope of this article to review them all (for critical evaluations see Refs. [5, 16, 17] [22] . This list comprises all transitions between H + 3 states up to 15 000 cm −1 . Besides the transition energy and the angular momentum and energy of the upper and lower levels, the Einstein A coefficient for spontaneous decay is given for each transition, which allowed us to select the lines that might be strong enough to be observed experimentally.
Another extremely valuable resource were the calculations of Schiffels, Alijah and Hinze (SAH) [23] . The critical evaluation of Gottfried [16] showed that those SAH values that were spectroscopically adjusted have the smallest average error when compared to observed lines. As the NMT linelist lacks the individual rovibrational quantum numbers, the full labeling given for all levels by SAH was indespensable for the assignment of the transitions.
Furthermore, additional assignments and corrections for levels based on the SAH code were provided by A. Alijah prior to publication [10] .
III. EXPERIMENTAL SETUP AND PROCEDURE
The experiment has been performed in a cryogenic ion trap ensuring buffer gas cooling of the H + 3 ions to the lowest rotational levels. Due to the weakness of H + 3 transitions and the comparatively low ion densities it is not practical to do conventional absorption spectroscopy inside the cryogenic ion trap. As a much more sensitive approach laser-induced chemical reactions can be used to probe photon absorption, since the reaction products can be detected with near-unity efficiency. First chemical probing experiments in an ion trap were conducted by Schlemmer et al. for the charge exchange reaction between N + 2 and neutral Ar [24] . In the present work we employed the endothermic reaction
which has been used in a previous study to measure the population of single rotational states inside the cryogenic ion trap by inducing vibrational transitions of the third overtone of the bending mode (around ∼7 200 cm −1 ) with a diode laser [25, 26] . In Fig. 2 
A. Setup
The heart of the setup is a 22-pole radiofrequency (RF) ion trap [27, 28] that is mounted on the second stage of a 10 K cryogenic cold head (see Fig. 3 for an overview). The setup was developed and used as an ion injector [29] for the TSR storage ring to facilitate dissociative recombination measurements with rovibrationally cold ions [30] . The H + 3 ions are produced in a storage ion source [31] from normal hydrogen (n-H 2 ) gas and transported into the ion trap through a small RF quadrupole ion guide. Following storage inside the 22-pole trap the ions are extracted and mass selected by a second quadrupole in combination with a Daly type scintillation detector with near-unity efficiency [32] . The axis that aligns the ion guides, the 22-pole trap and the storage ion source is kept free and vacuum viewports on each end are used to pass the laser beam through the entire setup (see 
B. Measurement procedure
Typically, a sample of 10 3 H + 3 ions is produced in the storage ion source and transported into the 22-pole trap which is kept at (55 ± 2) K throughout the measurement. Argon and helium gases are bled into the trap continuously at number densities of n Ar ∼ 10 12 cm After 200 ms of storage, the average number of ArH + ions inside the trap has dropped by more than two orders of magnitude due to collisions with H 2 (see Fig. 4 ). Now the laser beam is switched on for 100 ms in order to saturate the yield of ArH + ions against their 30 ms lifetime. The rate of ArH + production is given by
where n H + 3
is the H + 3 number density inside the trap, f J,G (ν) is the fraction of H + 3 ions in a rovibrational state that can be excited by a given laser frequency ν, B 12 is the Einstein coefficient for that transition and ρ(ν) is the spectral energy density. The integral runs over the interaction volume which is defined by the spatial overlap between the laser beam and the ion cloud inside the trap. The laser bandwidth of △ν L ∼1 MHz is large compared to the homogeneous line width, but small compared to the temperature-induced Doppler width inside the trap (∼500 MHz); the spectral energy density can be calculated
with P L being the laser power and r L the radius of the laser beam. The Einstein coefficient can be derived from the calculated Einstein A 21 coefficients [22] for spontaneous decay
The fraction f J,G (ν)△ν L of H + 3 ions that is addressed by the laser at a certain frequency ν is given by the population fraction of the ions in the lower state of the respective transition f jg multiplied with the value of the appropriate Doppler distribution for that frequency f D (ν).
At a trap temperature of 55 K more than 80 % of the H + 3 ions are expected to be in one of the two lowest rovibrational states which differ in their nuclear spin configuration, with (J=1, G=1 /para) and (J=1, G=0 /ortho), respectively. Although the para-state (J=1, G=1) is ∼33 K lower in energy we assume both states to be populated equally since the high temperature equilibrium of the spin states realized in the n-H 2 ion source gas suggests a 1:1 ratio and we do not expect the nuclear spin temperature to change significantly in collisions with He or Ar (or the influx of H 2 from the source) inside the trap. Hence, we estimate each of these states to account for 40 % of the total population (f 10 = f 11 = 0.4).
Only transitions starting from either one of these two states have been used for the chemical probing experiment.
The Doppler distribution can be described by
with the Doppler width given by
To calculate the H 
with a cylindrical overlap volume defined by the laser radius r L and the effective trap length
The number of ArH
which is solved by ions to several thousand to achieve a higher signal rate. In the present detection scheme this goes at the expense of reliably counting the number of stored ions which is needed for normalization. As the extracted H + 3 particles come out of the trap in bunches of 30 µs width, the detector (running in particle-counting mode) begins to show signs of saturation for more than a few hundred ions per pulse. Note that this problem 
IV. RESULTS
We have measured 23 transitions to H + 3 states above the barrier to linearity, six of which had been previously observed by the Oka group and published by Gottfried [16] . Transitions to the following vibrational bands have been observed: 5ν 2 , 3ν 1 +1ν 2 , 1ν 1 +4ν 2 , 6ν 2 ,2ν 1 +3ν 2 and 3ν 1 + 2ν 2 . For the transition assignment, information from several sources had to be combined. The NMT calculation provides the energy of the upper and lower level as well as their respective J quantum numbers, but not the complete rovibrational assigment. With the lower level energy given in the NMT tables, its assignment is trivial since essentially only the two lowest H + 3 levels are populated inside the trap. For the assignment of the upper level it has to be identified in the SAH publication [23] where all vibrational quantum numbers as well as J and G are specified. However, from the present work only those transitions to vibrational states with 5ν 2 , 3ν 1 + 1ν 2 and 1ν 1 + 4ν 2 can be found in the original SAH publication, while for the other states with 6ν 2 , 2ν 1 +3ν 2 and 3ν 1 +2ν 2 new level assignments were provided by A. Alijah [10] . After all quantum numbers of the individual levels were found from these references, the transitions were labeled according to the recommendations given in [5] . In Table I the rovibrational assignment for each transition is given together with the results of Gottfried (where available) and the spectroscopically adjusted transition energies according to SAH [10] .
The experimental uncertainty is 0.01 cm −1 for all transitions, as determined by the absolute accuracy of the frequency measurement. The transition energies obtained by the Oka group agree with our new measurements within the combined uncertainties, however, they tend to be somewhat higher.
In Table II In the first publication of SAH [35] , a method is developed that accounts for the effects of non-adiabatic coupling in order to adjust the energies of highly excited states to spectroscopic observations below 9 000 cm −1 . Here, we list comparisons with values including the E 4 correction (see [35] for details) and this correction rectifies some of the discrepancy -especially at energies below ∼11800 cm −1 -but it overshoots and at higher energies the discrepancy is as large as for the unadjusted values, albeit with opposite sign. Tuning the correction parameters to higher lying states might bring further improvement, once enough experimental data are available [10] .
The line list calculation of NMT also shows a tendency to overestimate the transition energy with the scatter being generally larger than that of SAH. In the last column the In a previous study [25] a much higher value (∼130 K) was found at the same nominal trap temperature. This large deviation was found to be dependent on the helium buffer gas density inside the trap which had been limited in the previous experiment due to impurities in the gas supply lines. In the present work stabilization of the translational temperature was found at higher helium densities and further increase did not result in lower translational temperatures. the trap when it is used as an ion injector at 10 K [30] . Although, at the more demanding conditions necessary for spectroscopic measurements, this number will most likely not be achieved entirely, the practical sensitivity limit for this type of investigations clearly has not yet been reached in the present work and is expected to be revealed only by further studies.
Apart from the benefit from higher H + 3 numbers as seen in eq. (14), eq. (16) to the present measurements around ∼12 300 cm −1 . All of the transitions in Table III 
